The DGC is found at synaptic as well as extrasynaptic DGC component, ␣-dystrobrevin (␣-DB), is dispensregions of the muscle fiber, and several results have able for formation of the neuromuscular junction (NMJ) suggested that it is important for synaptic development but required for maturation of its postsynaptic apparaas well as for muscle stability. First, the DGC at the tus. We also analyzed double and triple mutants lackpostsynaptic membrane is molecularly specialized (Figing 
mice, we show that ␣-DB is dispensable for agrin-stimucentrated in the postsynaptic membrane, ␣-DB2 is present both synaptically and extrasynaptically, and the lolated AChR clustering but required for maintenance of clusters following removal of agrin. By analyzing mucalization of ␣-DB3 is uncertain (Peters et al., 1998) . In the adbn Ϫ/Ϫ mutant allele, sequences shared by ␣-DB1, tants lacking combinations of dystrophin, utrophin, and ␣-DB, and myotubes lacking DG, we provide evidence -2, and -3 were deleted, and no ␣-DB-like immunoreactivity was detected in extrasynaptic portions of muscle that ␣-DB acts via its linkage to the DGC. Comparison of mutant phenotypes suggests that a major role of fibers (Grady et al., 1999) . We used isoform-specific antibodies to determine the synaptic DGC is to anchor ␣-DB but that DG plays additional roles in synaptic maturation. Together, these whether any ␣-DB persisted at the NMJ in adbn Ϫ/Ϫ mice. Sections were double labeled with fluorescein-tagged results demonstrate that distinct mechanisms regulate formation and maintenance of the postsynaptic apparaantibody plus rhodamine-␣-bungarotoxin (rBTX), which binds to AChRs and marks synaptic sites. Neither antitus, implicate the DGC in the latter process, and reveal that ␣-DB is a key component of the synaptic DGC.
body DB638 (to ␣-DB1 and -4) nor antibody DB692 (to ␣-DB1 and -2) detectably stained the sarcolemma in adbn Ϫ/Ϫ muscle (Figures 1c-1f) . Thus, staining confirmed Results loss of isoforms ␣-DB1 and -2. On the other hand, an antibody to sequences shared by ␣-DB2 and -5 did DB at the NMJ The ␣-DB gene is subject to alternative splicing and weakly stain synaptic sites in adbn Ϫ/Ϫ muscle ( Figures  1g and 1h ). This immunoreactivity may reflect upregulagenerates mRNAs that encode at least five proteins, tion of ␣-DB5 at mutant synapses or cross reaction of the with antibodies to utrophin and rapsyn, which are concentrated beneath the postsynaptic membrane. Both antiserum with a related protein, such as ␤-DB (Peters et were present in a uniform pattern throughout each al., 1997b; Blake et al., 1998).
branch of control NMJs but were distributed in a patchy fashion at adbn Ϫ/Ϫ synapses (Figures 2h and 2i ; data Distribution of AChRs in the Absence of ␣-DB not shown). Double staining revealed that both proteins To assess the geometry of the postsynaptic apparatus, precisely colocalized with AChRs in both mutant and we stained longitudinal sections of sternomastoid muscontrol muscles (Figures 2hЈ and 2iЈ; not shown). Likewise, in adbn Ϫ/Ϫ muscle as in controls, The size, number, and arrangement of branches apbranches of the motor nerve terminal appeared intact peared normal at most synapses in adult adbn Ϫ/Ϫ mice, and were directly apposed to each postsynaptic branch but the distribution of AChRs within branches was strik- (Figures 2l and 2m) . Thus, the profound derangement ingly abnormal (Figures 2b, 2d , and 2e). Within branches, of the postsynaptic membrane in adbn Ϫ/Ϫ mice had surAChRs exhibited a patchy or granular distribution, and prisingly little effect on the organization of the synaptic when striations were visible, they were more widely and cleft and nerve terminal. less evenly spaced than those in controls. Branch borWe next examined adbn Ϫ/Ϫ muscles in the electron ders were often ragged or frayed rather than smooth and microscope to seek structural correlates of the altered sharply delineated, with AChR-rich spicules radiating distributions of postsynaptic components detected imoutward. The degree of abnormality varied among juncmunohistochemically. In both mutants and controls, tions, but Ͼ95% of the postsynaptic sites examined vesicle-laden nerve terminals were separated from an were aberrant in all 16 sternomastoid muscles examined infolded postsynaptic membrane by a layer of basal from eight mice Ͼ1 month of age. To ask whether these lamina (Figures 3a and 3b) . The structure of adbn Ϫ/Ϫ defects were secondary consequences of myopathy or synapses was, however, abnormal in two respects. First, muscle fiber degeneration and regeneration, we secthe density of junctional folds was reduced by almost tioned two adult sternomastoid muscles to score both 50% in the postsynaptic apparatus of mutants as comdystrophy (by central nucleation) and synaptic structure pared with that of controls (0. and it is therefore unlikely to account for the fragmentaTo determine whether ␣-DB affected the initial formation of AChRs seen with light microscopy. Second, the tion of the NMJ, we examined muscles from young mice. distribution of electron-dense material associated with In controls, AChRs aggregate into a diffuse plaque by the postsynaptic membrane was altered. In control musbirth. During the first 2 postnatal weeks, some portions cles, this material thickens the membrane at the crests of the plaque lose AChRs, while other portions expand, and partway down the sides of junctional folds, precisely until the postsynaptic apparatus evolves an elaborate mirroring the distribution of AChRs; at the base of the branched morphology (Steinbach, 1981; Slater, 1982) .
folds, the membrane appears as a simple thin bilayer No significant defects were detected in mutant NMJs (Figures 3a and 3c) . The transition from a "thick" to "thin" at postnatal day 7 (P7; Figures 2f and 2g ), but by 1 membrane occurs abruptly about halfway down the sides month of age, the abnormalities described above were of the folds. In adbn Ϫ/Ϫ muscle, in contrast, the electronevident. The severity of the defects increased only dense material was broken up into small patches. Moreslightly over time, up to at least 14 months of age (data over, thickened membrane was present both at the tops not shown). Thus, ␣-DB is dispensable for the formation and in the depths of junctional folds (Figures 3b and of the NMJ but is required for its maturation. Despite 3d-3f). As a result, the ultrastructural distinction bethese abnormalities, movement was not obviously imtween the tops and depths of folds was blurred in mupaired in adbn Ϫ/Ϫ mice at any age. tants. These results suggested that ␣-DB is required to Synaptic Structure in the Absence of ␣-DB maintain the crests and depths of folds as molecularly To test whether ␣-DB is required to maintain cytodistinct domains. To test this possibility, we used horseplasmic as well as membranous components of the radish peroxidase-(HRP-) coupled BTX to localize AChRs. In control muscle, as noted above, AChRs are postsynaptic apparatus, we stained muscle sections creased at adbn Ϫ/Ϫ synapses. In control muscles, ␣1 and ␤1 syntrophins were detected throughout the muscle fiber, but at substantially higher levels in synaptic than Structure of the Synaptic DGC in the Absence of ␣-DB in extrasynaptic regions. Levels of these two proteins were slightly decreased in extrasynaptic regions of The observation that ␣-DB is required for maturation of the NMJ prompted us to reexamine the role of the DGC adbn Ϫ/Ϫ muscle fibers (see also Grady et al., 1999), but synaptic levels were markedly decreased. In addition, in synaptic structure. First, we asked whether ␣-DB is required for the stability of the synaptic DGC. To this ␤2 syntrophin, largely confined to synaptic sites in control muscles (Peters et al., 1994) , was barely detectable end, we assessed the distribution of several DGC components (see Figure 1a) 
AChR clustering in both control and adbn
Ϫ/Ϫ myotubes in the absence of ␣-DB (Figures 6g-6i) . Thus, ␣-DB appears to affect clustering at a step subsequent to bind- (Figures 6c-6f) , but the number of clusters per unit length of myotube was reduced by ‫%03ف‬ (Figure 6i, middle) to that reported by Wallace (1988) for chick myotubes.
clusters following treatment with recombinant agrin (Figures 8c-8f) . Heterogeneity among cultures of each genoIn the absence of ␣-DB, in contrast, most AChR clusters type (presumably a consequence of the fact that only a dispersed within a few hours of agrin removal; their subset of ES cells become myoblasts) hindered atmean half-life was ‫3-2ف‬ hr, or ‫%02ف‬ that of controls tempts at quantitative analysis, but the number of clus- (Figure 7e ). Dispersal appeared to occur by fragmentaters on agrin-treated DG Ϫ/Ϫ myotubes was Ͼ50% that tion of the cluster into microaggregates (Figure 7d) , on corresponding DG ϩ/Ϫ or DG ϩ/ϩ myotubes. Immunowhich were reminiscent of those present in the postsynhistochemical assays demonstrated that the AChRaptic membrane of adbn Ϫ/Ϫ muscle. Thus, ␣-DB appears associated DGC was disassembled in the absence of to be required for the stabilization of agrin-induced DG; utrophin, dystrophin, and ␣-DB were concentrated AChR clusters rather than their formation.
at AChR clusters on control myotubes but undetectable at clusters in DG Ϫ/Ϫ myotubes (Figures 8g-8j ; data not Formation of AChR Clusters in the Absence of DG shown). Thus, cluster formation and agrin signaling both The observation that cultured adbn Ϫ/Ϫ myotubes show occur not only in the absence of ␣-DB but also in the defects in AChR clustering allowed an additional test of apparent absence of an AChR-associated DGC. the notion that major roles of the synaptic DGC involve On the other hand, examination at high magnification ␣-DB. DG is the major transmembrane component of revealed that the structure of AChR clusters was abnorthe DGC; in its absence, the entire DGC fails to assemble mal in the absence of DG; plaques were fragmented into (Henry and Campbell, 1999 ., 1994, 1998) . We found that myotubes the known role of DG in basal lamina formation (Henry generated from DG Ϫ/Ϫ ES cells were similar in size and and Campbell, 1998, 1999), raised the possibility that shape to those formed from control (DG ϩ/Ϫ or DG ϩ/ϩ ) this defect reflected the lack of cluster-associated "syn-ES cells (Figures 8a and 8b) . We therefore used these aptic" basal lamina components. Indeed, the synaptic ES cells to compare AChR clustering in the absence of laminin ␣5 chain was highly concentrated at AChR clus-DG with that in the absence of ␣-DB.
ters on control ES cell-derived myotubes (as is the case Staining with rBTX revealed that DG Ϫ/Ϫ myotubes in vivo and in some myogenic cell lines; Patton et al., formed small numbers of high-density AChR clusters 1997), but no muscle-associated ␣5 was detectable on mutant myotubes (Figures 8k and 8l) . Likewise, antisera in the absence of exogenous agrin and Ͼ5-fold more to the common laminin ␥1 subunit stained control but maturation, perhaps through a mechanism involving tyrosine phosphorylation. not DG Ϫ/Ϫ AChR clusters more intensely than AChR-poor Although the molecular links between ␣-DB and synregions of the membrane (Figures 8m and 8n) . Thus, aptic structure remain to be determined, our studies in DG appears to be required for assembly of an AChR vitro provided some insight into the cellular mechanism cluster-associated basal lamina, and differences beof the defect: the stability of AChR clusters following tween the structure of adbn Ϫ/Ϫ and DG Ϫ/Ϫ AChR clusters removal of exogenous agrin is decreased severalfold in might result from the absence of this extracellular the absence of ␣-DB. This defect suggests that ␣-DB scaffold.
is mutants, in which levels of many DGC components are Thus, ␣-DB is dispensable for formation of the NMJ but dramatically reduced. We reasoned that synaptic pheessential for its maturation. notypes of mdx:utrn Ϫ/Ϫ and adbn Ϫ/Ϫ mice would be simiAt least two isoforms of ␣-DB, ␣-DB1, and ␣-DB2, are lar if the principal functions of the synaptic DGC are present at the NMJ (Peters et al., 1998) . Both are lost mediated by ␣-DB; on the other hand, mdx:utrn Ϫ/Ϫ mice in the adbn Ϫ/Ϫ mutant, but several observations suggest would be more severely impaired than adbn Ϫ/Ϫ mice if that ␣-DB1 may be more critical than ␣-DB2 is for synapthe DGC plays ␣-DB-independent synaptic roles. Once tic organization. First, ␣-DB1 is confined to the postsyninfluences of age and muscular dystrophy had been aptic membrane in muscle fibers, whereas ␣-DB2 is taken into account, the synaptic defects in mdx:utrn Ϫ/Ϫ present both synaptically and extrasynaptically (Balasumice appeared to be very similar to those in adbn Ϫ/Ϫ bramanian et al., 1998; Peters et al., 1998). Second, mice. This result suggests that a main function of the ␣-DB1 binds directly to utrophin, which is selectively synaptic DGC may be to localize or concentrate ␣-DB associated with the synapse, whereas ␣-DB2 binds to in the postsynaptic membrane. dystrophin but not utrophin (Peters et al., 1998) . Third, Third, we compared synapses in mdx:utrn Ϫ/Ϫ double ␣-DB1, but not ␣-DB2, is concentrated at AChR clusters mutants with those in mdx:adbn
:utrn Ϫ/Ϫ triple muin a myogenic cell line (Nawrotzki et al., 1998). Fourth, tants. We reasoned that if ␣-DB played DGC-indepen-␣-DB1, but not ␣-DB2, is subject to tyrosine phosphorydent roles, the defects might be additive, in which case lation and therefore potentially involved in signaling the synaptic phenotype would be more severe in the functions (Wagner et al., 1993; Balasubramanian et al., triple mutant than in the double mutant. In fact, synaptic 1998). Finally, no ␣-DB1 is detectable, whereas at least structure did not differ significantly between double and some ␣-DB2 is retained, at mdx:utrn 
